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SUMMARY. High tunnels are rapidly gaining favor from growers in many regions of the United States because these structures extend the growing season and increase quality of high-value horticultural crops. Small to midsized organic growers who sell tomatoes (Solanum lycopersicum) for the fresh market can benefit from lower disease pressure and higher marketable yields that can be achieved in high tunnels. High tunnels also protect crops from environmental damage and benefit production of heirloom tomatoes as these varieties often have softer fruit and are more susceptible to diseases and cracking and splitting than hybrid varieties. The objective of this study was to determine the impacts of high tunnel production and planting date on heirloom and hybrid tomato varieties by observing differences in plant growth, yield, marketability, and early blight (Alternaria solani) development within an organic production system. This study showed no increase in total yields in high tunnels as compared with the open field, but increased marketability and size of tomatoes, and lowered incidence of defoliation resulting from early blight. Tomato planted earlier in both high tunnels and the open field yielded more marketable fruit during the production season than plants established on later planting dates. Hybrid varieties yielded more marketable fruit than heirloom varieties; however, heirloom tomatoes can have equivalent market value because of greater consumer demand and premium prices attained in the local market.
H igh tunnels are unheated season extension structures that allow growers in temperate regions to fulfill consumer demand for fresh market produce at times which are traditionally off-season (Conner et al., 2009) . High tunnel production is well suited to high-value crops, such as tomato, bell pepper (Capsicum annuum), garlic (Allium sativum), strawberry (Fragaria ·ananassa), blackberry and raspberry (Rubus species and varieties), and multiple species of cut flowers (Lamont et al., 2003; Orzolek et al., 2002) . As year-round consumer demand for fresh, locally grown, and organic produce continues to increase, more farmers markets and other direct marketing avenues are on the rise (Zepeda and Deal, 2009) , creating opportunities for growers to adopt and benefit from high tunnel production.
Few production-based studies have evaluated the effect of high tunnels within an organic farming framework. High tunnel production systems are well suited to organic farming as tunnels are energy efficient and can improve the quality and yield of vegetables over field-grown systems (Lamont et al., 2003; Wittwer and Castilla, 1995) . Many small-scale organic growers market locally and high tunnels can provide season extension and allow growers to capitalize on higher quality heirloom varieties that are in demand and would otherwise not be available in a long-distance distribution system. Organic growers have fewer pest management options than conventional growers and high tunnels can aid in pest control. High tunnels were shown to increase yield of organically grown tomato plants that received compost applications by reducing disease incidence and development of early blight (Baysal et al., 2009) . From a quality standpoint, phytonutrient studies have shown differences in nutrient uptake in vegetables grown in high tunnels vs. open field plots and receiving organicbased vs. conventional fertilizers (Gent, 2002; Zhao et al., 2007) .
Tomato is a high-value crop well adapted to the high tunnel system, where economic return can be higher compared with field-grown crops (Orzolek et al., 2002) . In addition to earlier harvests, protected agriculture systems, like high tunnels, can increase fruit quality by reducing wind damage and injury from insects, diseases, birds, and rodents. Protected systems also provide crops with an indeterminate growth habit with a longer harvest season as compared with field production (Wittwer and Castilla, 1995) .
Organically grown heirloom tomatoes provide a potentially lucrative niche as a segment of the overall freshmarket tomato sector. Many openpollinated, heirloom tomato varieties have an indeterminate growth habit, simultaneously producing new vegetative growth and fruit over time, in contrast to determinate varieties that produce the majority of fruit within a discrete time period. Heirloom tomato varieties are growing in popularity and consumers will pay premiums above the cost of conventional hybrid fruit (Jordan, 2007 produce because they tend to be physically inconsistent in growth and form and prone to bruising, splitting, and cracking; thus, their distribution is often limited to local fresh markets (Vavrina et al., 1997) . High tunnel production can reduce splitting and cracking in heirloom tomatoes, thus improving quality. In regard to the causes of fruit splitting or cracking, one common contributor is rapid water uptake that results in increased turgor pressure within the fruit, initiating cracks or splits (Dorais et al., 2004) . In a high tunnel system, cracking can be reduced by scheduled drip irrigation, rather than contending with natural rain events in the open field. Direct sunlight exposure can also cause cracking (Emmons and Scott, 1997) . High tunnels reduce direct exposure from the sun and reduce foliage loss because of diseases. High tunnels create a microclimate that impacts abiotic and biotic factors and influences plant growth and development. Minimized fluctuations in day and night temperatures, increased soil temperature, elevated carbon dioxide (CO 2 ) levels, and changes in soil moisture and spectral light quality are environmental conditions associated with tunnel production (Millner et al., 2009; Wittwer and Castilla, 1995) . Increasing soil and air temperatures and CO 2 levels hasten plant growth and maturation, especially in plants with an indeterminate growth habit, and influence yield quality (Morrison and Lawlor, 1999) . Simultaneously, these changes impact plant disease incidence within the high tunnel system. High tunnel coverings affect the quality of light reaching the foliage. Plastic coverings that absorb ultraviolet light at 340 nm can reduce the incidence and severity of some diseases, including gray mold (Botrytis sp.), white mold (Sclerotinia sclerotiorum), and leaf mold (Fulvia fulva) by inhibiting sporulation (Gullino et al., 1999) . Furthermore, plastic coverings may increase the amount of ultraviolet B (medium wave) radiation reaching the plants, inducing chromosomal changes that affect production of secondary metabolites and plant chemistry that can translate to increased systemic resistance to plant pathogens (Raviv and Antignus, 2004) .
High tunnels also reduce foliar pathogens by limiting spore dispersal via water. Early blight is a persistent, economically important foliar disease of tomato causing premature defoliation and reducing the photosynthetic ability of infected plants. Development of early blight is increased by leaf wetness, inoculum density, and age of the plant; host plant susceptibility also varies by variety (Vloutoglou and Kalogerakis, 2000) . High tunnel systems provide shelter from rain and soil splashing, thus may decrease early blight severity by keeping the foliage clean and dry. Additionally, planting date can also influence disease development. Plant diseases caused by anthracnose (Colletotrichum sp.), early blight, southern blight (Sclerotium rolfsii), and septoria leaf spot (Septoria lycopersici) were more severe among early planted tomato than late planted field-grown tomato, regardless of fungicide treatment (Kennedy et al., 1983) . High tunnels can mitigate these challenges by regulating temperature and moisture and may help reduce disease pressure.
The objective of this study was to determine the impacts of high tunnel production and planting date on heirloom and hybrid tomato varieties by observing differences in plant growth, yield, marketability, and early blight development within an organic production system. amendments for two years before the start of the experiment. Before planting, soil in the main plots was rototilled to a depth of 6 inches with a rotary tiller (Bush Hog, Selma, AL) pulled by a compact tractor (B Series; Kubota Tractor Corp., Torrance, CA). Composted mushroom substrate (2N-0.4P-1.7K; Monterey Mushroom, Loudon, TN) was applied at the rate of 1200 lb to each area (31,114 lb/acre), estimated to deliver 124 lb/acre of available nitrogen (N) the first year, assuming 20% availability. Irrigation was established with drip tape (10 mil thick), emitting water every 12 inches and providing 13 gal/h of water at 8 psi (Netafim, Tel Aviv, Israel). Soil moisture was assessed by feel and appearance, and irrigation was applied for 2 h per irrigation event based on the needs of individual rows. The drip tape was laid in six rows per main plot on 4.5-ft centers, and black plastic mulch (3 ft wide, 1 mil thick; Pliant Corp., Chippewa Falls, WI) was laid on top of the drip tape, with sides and ends of the plastic buried. Each planting date sub-plot consisted of two rows per main plot. In 2009, in-row spacing for tomato plants was 1.5 ft, with eight plants per sub-sub-plot, three sub-sub-plots per row. In 2010, spacing was increased to 2 ft, with six plants per sub-sub-plot to increase airflow and reduce disease potential and overcrowding of plants. Plot dimensions were the same for both years, 4.5 · 12 ft. Because of different growth habits between the heirloom (indeterminate growth) and hybrid (determinate growth) varieties and their differing water demands, randomization was done within rows, with three rows devoted to heirlooms and three rows devoted to hybrids (one row per planting date in each main plot).
Materials and methods

EXPERIMENTAL
Six-week-old tomato seedlings were transplanted at three different planting dates: 27 Mar. (first planting), 17 April (second planting), and 8 May (third planting) in 2009; and 25 Mar. (first planting), 16 April (second planting), and 7 May (third planting) in 2010 (Table 1) . Six varieties of tomato plants were used; three heirloom indeterminate types and three determinate hybrid types. The heirloom varieties were 'Arkansas Traveler', 'Cherokee Purple', and 'Valencia' (certified organic; Seeds of Change, Santa Fe, NM). The hybrid varieties were 'BHN 589' (untreated; Seedway, Elizabethtown, PA), 'Fletcher' (untreated, Seedway), and 'Primo Red' (treated; Harris Moran Seeds, Modesto, CA). Hybrid varieties were chosen because of Fusarium wilt (Fusarium oxysporum) and verticillium wilt (Verticllium sp.) resistance. Tomato seeds were started in the greenhouse in 128-cell plug trays using Sunshine Organic Grow Mix (Sun Gro, Bellevue, WA). Tomato transplants were fertilized weekly with diluted hydrolyzed, fish fertilizer (2N-1.8P-0.8K; Neptune's Harvest, Gloucester, MA) at the rate of 100 ppm N for the first 3 weeks and increasing to 200 ppm N for the last 3 weeks under 16/8 h (day/night). In the field, tomato plants were fertigated with 0.35 gal per week of liquid fish emulsion (2.6N-0.87P-0.22K; STATISTICAL ANALYSIS. Plant growth, yield, and disease data were analyzed using mixed models (PROC MIXED) analysis of variance to determine differences between production system, variety, planting date and year, as well as their interactions (SAS version 9.2; SAS Institute, Cary, NC). Tomato grade data were analyzed as percentages with mean separation done as a nonparametric rank test. Nontransformed means are reported. Plant growth, yield, and disease mean separations were done with Tukey's honestly significant difference test. Data are reported separately because of significant year by treatment interactions.
Results
TOMATO PLANT GROWTH, YIELD, AND GRADE. In 2009 and 2010, plants in the high tunnels were taller than those in the open field plots 7 and 6 WAT, respectively ( Table 2 ). The growth rate between the first, second, and third planting dates was significantly different; at the same physiological age, the plants were tallest in the May planting date, followed by the April and March. Additionally, there was a difference in plant height between varieties. As expected, heirloom plants, with an indeterminate growth habit, were taller than hybrid plants with a determinate growth habit.
In 2009, complete and incomplete inflorescences were counted at 13 WAT, and there were higher numbers of both complete and incomplete inflorescences in the high tunnels vs. open field plots, and there were no differences in the number of complete inflorescences by planting date; however, the May planting date had more incomplete inflorescences than the March and April dates (Table 2 ). There were also differences among varieties, with 'Primo Red' having the fewest incomplete inflorescences. These data are not shown because the flower counts were done relatively late in the season in 2009 and the overall flower counts were low at 13 WAT.
In 2010, complete and incomplete inflorescences were counted at 6 WAT. There were more complete and incomplete inflorescences in the high tunnels than in the open field plots (Table 2 ). There were no differences in complete inflorescences between planting dates; however, there were more incomplete inflorescences in plots from the third planting date than in the first or second. 'Arkansas Traveler' had the fewest complete inflorescences and 'Cherokee Purple' and 'Primo Red' had the most. 'Arkansas Traveler' and 'Valencia' had the fewest incomplete inflorescences.
There were differences in the number of marketable fruit per plant by production system in both 2009 (Table 3) and 2010 (Table 4 ). More total fruit were harvested from the high tunnel plots in both years, but fruit weight was unaffected by production system. Marketable yield differed by variety in both years. In 2009, 'Cherokee Purple' had fewer marketable and total fruit per plant than the other varieties (Table 3 ). In 2010, hybrid varieties produced more marketable and total fruit than heirloom varieties (Table 4) . In both years, more marketable and total fruit were harvested from the March planting date, followed by April and May, on both a sub-sub-plot and per plant basis (Tables 3 and 4) . A variety · planting date interaction for total fruit per plant in 2009 and total and marketable fruit and fruit weight per plant in 2010 showed that in general, yields were greatest for March plots, followed by April and May (Figs. 1 and 2) ; however, for 'Primo Red', marketable and total fruit (per plant) was higher in April plots, followed by March and lastly May. The harvest window was longer for March planted tomato, followed by April and May, respectively, and the days after planting to peak fruit harvest were roughly 2-3 weeks longer for plots planted in March than in April, as shown in Table 1 .
In 2009, a higher proportion of extra-large fruit were harvested from open field plots than in the high tunnels, and the inverse was true for large fruit (Table 5) . High tunnels did not affect size distribution in 2010. Size was influenced by variety, with 'Cherokee Purple' having the most jumbo fruit in both years. Planting date also had an effect, with the March planting date having a higher proportion of jumbo fruit in both years. In both years, a higher proportion of extra-large and large fruit were harvested than jumbo and medium shown in Table 5 .
DISEASE RATING. Because of year by treatment interactions, early blight severity was analyzed separately by year (Table 6 ). Overall, in both years, severity of early blight was significantly less on plants in the high tunnels than plants in the open field plots (Fig. 3) . In 2009 and 2010, disease progression was more severe on the first planting date of tomato, followed by the second and third planting dates, respectively.
TEMPERATURE AND PRECIPITA-TION. Temperatures were warmer in 2010 than in 2009, reaching above 86°F as shown in Fig. 4A and B. Despite having side and end walls open, the average high temperatures in the high tunnels reached above 100°F during midday in both years. The highest temperature recorded on a single day in the high tunnels was 125°F in mid-July 2010. The mean temperature range from April to Aug. 2009 was 51-75°F in open field plots, a difference of 24°F; however, the mean temperature range during the same period in the high tunnels was 72-81°F, a difference of 9°F. This trend was the same in 2010 (Fig.  4A and B) . The high tunnels did not retain much heat into the evening hours, where average low temperatures were not different from open field plots.
Precipitation was greater in 2009 (27.8 inches) than in 2010 (17.1 inches). May and July were the wettest months in both years (Fig. 5) , with 6.8 and 7.7 inches reported in 2009, respectively, and 4.3 and 4.2 inches reported in 2010. The difference in rainfall between years was greatest for May, June, and July (Fig. 5) .
Discussion
Greater marketable yields by weight per plant were harvested from the high tunnels than the open field plots in both years. However, yields in both years were low under the 11 kg per plant optimum for high tunnel production (Jett, 2010) . The low yields may have been due to heat stress, which can affect pollen release and germination when temperatures are consistently high. Sato et al. (2000) have shown that when tomato is grown under a high-temperature regime (90/79°F day/night), fewer fruit were set because of production and release of fewer pollen grains. Sugiyama et al. (1996) have shown that tomato flowers may drop under high heat conditions. Our data show that high tunnels retained more heat during the day than the open field plots, with temperatures reaching as high as 125°F in midday, even with doors open and sides rolled up for ventilation, which likely could have caused heat stress. High tunnels can keep temperatures 10-15°F warmer in the spring, which is an advantage over open field plots. However, in midsummer, temperatures can be 30°F warmer than the open field, suggesting that in our area, special efforts should be made to increase ventilation and cooling in high tunnels.
Lower yields may also be due to lower soil N availability, as was reported in a California study (Scow et al., 1994) . Lower soil N content is a common challenge when transitioning from conventional to organic production as soil organic matter and soil microbial biomass can take years to increase, which may explain our lower than expected yields. Irrigation can • August 2012 22 (4) also affect size, number, and weight of fruit produced, as well as quality of the fruit. In a study by Pulupol et al. (1996) , glasshouse tomato plants grown under a water deficit showed reduced yields, but higher soluble sugars and color intensity. Excess irrigation can cause vine-ripened tomatoes in the open field to split before harvest, and high tunnels can help manage this. We did not observe differences in total fruit number (per plant), or weight (on a per-plant or fruit basis) between the tunnels and the open field plots, indicating that differences in irrigation between production systems were not a factor in our study.
This study confirms that growing tomato in high tunnels can decrease severity of early blight early in the season. Our results are similar to Baysal et al. (2009) , who found that early blight incidence and severity were lower on tomato plants grown organically in high tunnels, and disease incidence was lessened further with the addition of compost. Spores of A. solani are dispersed via rain splash; thus, limiting splash dispersal by incorporating mulches or protected culture can significantly reduce the incidence of disease (Mills et al., 2002) . In our study, early blight severity was greater in 2009 than in 2010. This may be due to more rainfall in 2009 and the use of a copper sulfate protectant in 2010, which was warranted because of the extreme threat of late blight in our area. Although early blight severity was greater for March-planted tomato in both years, yields were unaffected. Early blight can reduce marketability of tomato fruit, in which it causes concentric rings, cracking, and sunken lesions. 'Primo Red' was the variety most impacted by early blight in both years, while 'BHN 589' was least affected.
Planting date influenced tomato yields, marketability, disease progression, as well as plant growth rate and production of inflorescences. Plants from the first and second planting dates produced more total fruit weight per plant and more marketable fruit throughout the season than those from the third planting date. This could be due to the longer harvest window of the earlier planted tomato and flowering and fruit set occurring before extreme heat. The March planted plots took longer to develop and reach peak harvest than the May planted plots, but also produced more fruit. Differences in yield because of planting date could be influenced by higher temperatures and heat stress at initial flowering during the third planting date, which would inhibit pollination, as discussed above. This is contrasting to a study comparing early planting dates of tomato grown in high tunnels in Connecticut that showed that early planting (3 Apr.) had fewer, smaller fruit than the later planting dates (17 April and 1 May), and this was attributed to cooler soil temperatures that inhibited uptake of N and magnesium early in the season (Gent, 1992) . Although soil temperature was not measured in this study, yield was not decreased in our early (25 and 27 Mar.) planting dates in Tennessee.
Early blight is primarily a disease of older leaf tissue, and symptoms first become apparent on the lower leaves before progressing to the plant canopy. Earlier planting dates allow for advanced progression of early blight in tomato, and we did not find that early blight affected yields in the third planting date. Plants in the third planting date were taller than those planted earlier at 6 WAT. These plants also had lower yields. This suggests that the plants put more energy into vegetative production than into fruiting, possibly as a response to increased temperatures at the time of initial flowering. Research has shown that the conditions that favor stem elongation are daytime (8 h) temperatures of 79°F and nighttime (16 h) temperatures of 68°F (Leonard, 1962) , conditions that were present a few weeks after the May plants were planted. Despite increased disease progression, our data show that earlier planting dates can lead to increased productivity on a per-plant basis. These gains have implications for growers as producers can maximize yield by planting earlier in the season.
Heirloom varieties produced less marketable fruit, both in number and weight, than hybrid varieties in both high tunnels and open field plots in 2010. This is not atypical of heirloom plants compared with hybrids, as hybrid tomato varieties are bred for consistency and productivity, where heirloom varieties are prized for their distinctive quality attributes (Bai and Lindhout, 2007; Vavrina et al., 1997) . Fruit from hybrid tomato plants tended to be more consistent in grade than heirloom fruit, with higher proportions of jumbo, extra-large and large fruit, and fewer medium sized fruit. Although growers are attracted to consistency, heirloom varieties are becoming more popular at farmers markets and some consumers will pay more for them (Wise, 2005) , which can offset the economics of yield difference. In 2009, a higher percentage of heirloom tomato fruit grown in high tunnels were marketable compared with those grown in the open field; however, this did not hold true in 2010. Yield disparities are most likely due to the use of copper sulfate as a fungicide in 2010, which increased the quality of heirloom tomato plants grown in the open field by reducing disease, and to the increased plant spacing and improved trellising, which provided better air circulation within the plant canopy.
This study shows that organic tomato growers can use high tunnels to extend their growing season, reduce plant defoliation by early blight, and produce larger and more marketable fruit when compared with fieldgrown fruit. High tunnels have the potential to help regulate plant water uptake, thereby, reducing fruit splitting and cracking that is commonly observed among heirloom tomato varieties. However, daytime temperatures in the tunnels can be extremely high in eastern Tennessee and result in plant heat stress. Efforts should be taken to increase ventilation of high tunnels, and planting time should be optimized so that tomato plants are finished producing before the height of summer. It may be possible to plant tomato seedlings in high tunnels in eastern Tennessee in early March or late February as long as soil temperatures are at least 54°F (Gent, 1992) . Even in open field plots, the earlier planted tomato yielded more marketable fruit during the production season when compared with yields from the later planted tomato, until early blight became severe. Organically grown tomato yields may be lower than those grown conventionally; however, these differences tend to equalize over the long term (Poudel et al., 2002) . Additionally, price premiums for organically grown tomatoes may offset the reduced yield (Clark et al., 1998 ) making organic production a viable economic option for growers.
